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Functional traits and environmental characteristics drive the 
degree of competitive intransitivity in European saltmarsh 
plant communities
















































a	 strong	 force	 structuring	 local	 plant	 communities.	 Intransitivity	 needs	 to	 be	
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1  | INTRODUC TION
The	 hypothesis	 of	 competitive	 intransitivity	 (Gilpin,	 1975)	 has	 re-
gained	 attention	 among	 ecologists	 as	 new	 empirical	 approaches	
(Soliveres	 et	al.,	 2011;	 Zhang	 &	 Lamb,	 2012)	 and	 analytical	 tools	

















correlated	 with	 species	 richness.	 Far	 less	 known	 is	 the	 potential	
impact	 of	 intransitivity	 on	 the	 variability	 in	 species	 composition	
among	local	communities,	that	is,	on	the	degree	of	species	turnover	
(β-	diversity).	Recent	analyses	of	ecological	drift	models	(Ulrich	et	al.,	
2017)	 have	 shown	 that	 intransitive	 competition	 might	 either	 de-
crease	(in	dispersal	limited	communities)	or	increase	(high	dispersal)	
species	 turnover	 compared	with	 a	 simple	neutral	model.	The	only	




Soliveres	 et	al.	 (2015)	 and	 Ulrich	 et	al.	 (2016)	 demonstrated	 that	
ICNs	of	vascular	plant	communities	are	more	common	than	previ-
ously	 reported	 (Gallien,	 2017;	 Grace,	 Guntenspergen,	 &	 Keough,	
1993;	Keddy	&	Shipley,	1989)	and	confirmed	a	positive	correlation	
between	species	richness	and	the	frequency	of	ICNs.	This	work	and	




tics.	For	 instance,	Soliveres	et	al.	 (2015)	 found	 that	anthropogenic	
pressure	 influenced	 relative	 competitive	 strength,	 Ulrich	 et	al.	




Nevertheless,	 the	 precise	 mechanisms	 that	 generate	 and/or	
maintain	 ICNs	 remain	 largely	 unknown	 (Maynard	 et	al.,	 2015).	 Of	
course,	the	proximate	cause	for	the	existence	of	an	ICN	is	the	spe-
cific	 species	 composition	 of	 a	 focal	 community.	 Because	 species	
have	different	 functional	 and	 life-	history	 traits,	 it	 is	 the	particular	
mix	 of	 traits	 that	 ultimately	maintains	 ICNs	or	 simple	 competitive	




see	 Kusumoto	 et	al.,	 2016	 and	Gallien,	 2017),	 and	 this	 separation	




















at	 low	 levels	 of	 productivity.	 Empirical	 evidence	 (Callaway,	 2007)	
and	theoretical	refinements	(Maestre,	Callaway,	Valladares,	&	Lortie,	
2009)	have	linked	increased	competition	to	hierarchical	(transitive)	





tivity,	we	 reason	 that	 transitive	 competitive	hierarchies	 should	be	
found	in	sites	of	high	productivity	and	low	species	richness,	whereas	
ICNs	should	be	found	in	sites	with	low	productivity	and	high	species	
considered	 when	 studying	 plant	 community	 assembly	 and	 species	
co-existence.
K E Y W O R D S
competitive	hierarchy,	halophytes,	matrix	methods,	meta-communities,	species	co-occurrence
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richness.	 Consistent	 with	 that	 prediction,	 Soliveres	 et	al.	 (2015)	
found	ICNs	were	more	common	in	arid,	low	productivity	sites	with	
high	 species	 richness.	 In	 addition,	 increased	 competition	 in	 plants	
might	be	linked	to	limitation	of	several	important	resources,	includ-
ing	water,	 light	and	critical	 stoichiometric	 ratios	 (e.g.	N/P	or	C/N).	
This	resource	limitation	might	favour	otherwise	competitively	infe-
rior	species,	which	tolerate	low-	resource	availability.	Thus,	species-	
specific	 stress	 tolerance	 might	 balance	 competitive	 interactions,	
leading	 to	 trade-	offs	between	competitive	ability	and	stress	 toler-
ance.	Such	balanced	competitive	interactions	are	another	candidate	
mechanism	for	competitive	intransitivity.
Here,	 we	 use	 an	 extraordinarily	 well-	documented	 dataset	 on	
European	 inland	 saltmarsh	 communities	 (Piernik,	 2012)	 to	 link	 the	
structure	of	 the	observed	competitive	hierarchies	 to	 the	expression	
and	variability	of	associated	plant	functional	traits	and	respective	envi-
ronmental	characteristics.	We	first	estimated	the	strength	of	compet-







Based	 on	 theoretical	 work	 indicating	 that	 environmental	 het-
erogeneity	 should	 reduce	 the	 importance	 of	 competition	 on	 local	
community	structure	(Loreau	&	de	Mazancourt,	2013),	we	predicted	
a	 negative	 correlation	 between	 average	 competitive	 strength	 and	
variability	 in	 soil	 characteristics	 (environmental	 hypothesis	 1).	We	









species,	we	were	able	 to	explore	 the	 links	between	traits,	commu-
nity	structure	and	competitive	strength.	For	this	task,	we	calculated	
the	 average	 overlap	 in	 niche	 space	 (the	 functional	 diversity)	 and	
predicted	a	negative	correlation	between	competitive	strength	and	
niche	overlap	 (trait	hypothesis	1).	We	also	hypothesized	 that	niche	
overlap	 should	 influence	 the	 degree	 of	 competitive	 intransitivity.	
According	 to	 limiting	 similarity	 theory	 (MacArthur	&	Levins,	1967),	
competitive	interactions	and	consequently	the	degree	of	transitivity	
should	be	more	pronounced	at	high	niche	overlap	(trait	hypothesis	2).
2  | MATERIAL S AND METHODS
2.1 | Study sites and sampling
In	Europe,	inland	saltmarshes	are	spatially	and	environmentally	well-	














the	 links	 between	 competitive	 relationships,	 functional	 traits	 and	
local	environmental	conditions.
To	 study	 the	 relationships	 between	 observed	 species	 dom-




in	 Piernik,	 2012).	 These	 data	 include	measures	 of	 species	 relative	
abundance	using	the	nine-	step	scale	of	van	der	Maarel	(1979)	from	




followed	Mirek,	Piękoś-	Mirkowa,	Zając,	 and	Zając	 (2002).	 In	 total,	
we	found	154	species	and	Taraxacum officinale	was	included	as	a	col-
lective	taxon	(Supplementary	Material	S1b).
From	 the	 Leda	 database	 (Kleyer	 et	al.,	 2008;	 Supplementary	
Material	S1c),	 we	 obtained	 species-	level	 measures	 of	 one	 repro-
ductive	 trait	 (seed	mass,	 SM)	 and	 three	morphological	 traits	 (spe-
cific	leaf	area,	SLA;	leaf	dry	matter	content,	LDMC;	canopy	height,	
CH).	We	also	used	 five	 soil	 properties	measured	 in	each	plot	 that	




Na+)	 and	 salinity,	 expressed	as	 electrical	 conductivity	of	 the	 satu-
rated	 extract	 (ECe;	 Supplementary	 Material	S1d).	 Within	 each	 of	
the	84	 saltmarshes,	we	estimated	variability	 in	 soil	 characteristics	
among	the	plots	from	their	respective	coefficients	of	variation	(CV).	
In	addition,	we	compiled	species-	level	data	on	their	environmental	
















Ulrich	et	al.	 (2014)	showed	that	a	competition	matrix	C can be 
unequivocally	translated	into	an	associated	transition	matrix	P. In a 
Markov	chain	process,	 the	dominant	eigenvector	 (EV)	U	of	P	 is	an	
estimate	 of	 the	 equilibrium	 species	 relative	 abundance.	 Following	
Ulrich	et	al.	(2014)	and	Soliveres	et	al.	(2015),	we	identified	the	best	
C	matrix	from	the	average	Spearman	rank	order	correlation	rS	of	U 
and	 the	 observed	 relative	 abundance	 per	 plot	 (cf.	 Supplementary	
Material	S2a	 for	 a	 flow	diagram	of	 the	method).	Thus,	 rS	 is	 a	met-




Buttler,	 2006)	 and	 consequently	might	 reduce	 rS	 values.	 rS	might,	
therefore,	also	be	cautiously	interpreted	as	a	measure	of	the	relative	






















































group	average	 trait	 and	environmental	distances.	Values	 less	 than	
0.6	indicate	that	the	two	species	differed	by	τN	<	0.2.	This	was	in-
terpreted	as	no	effective	competitive	difference.	Because	environ-



















We	 linked	the	competitive	strength	matrices	as	quantified	by	 rS 
and τN	of	each	study	site,	local	species	richness	and	turnover	(α-	and	









clustered	 sites	 in	 Central	 Europe,	 the	 spatial	 structure	might	 influ-
ence	 significance	 levels	 (spatial	 autocorrelation).	 Thus,	we	 included	
the	dominant	EV	of	the	geographical	Euclidean	distance	matrix	of	the	














High	 soil	 organic	 carbon	 (Corg)	 and	nitrogen	 (Ntotal)	 content	 and	 low	
salinity	 (ECe)	were	positively	 associated	with	higher	plot	α-	diversity,	




Table	S3b),	 was	 consistently	 positively	 correlated	 with	 higher	 β-	
diversity	but	was	not	correlated	with	α-	diversity	(Table	2,	Figure	S3a).	







(Figure	S3d,	 Table	1,	 Table	S3a).	 Environmental	 variability,	 particu-
larly	with	respect	to	conductivity	and	pH,	was	negatively	correlated	








α- diversity β- diversity rS τN
Beta Partial η2 Beta Partial η2 Beta Partial η2 Beta Partial η2
Ntotal 0.38 0.09* 0.19 0.01 −0.17 0.03 −0.31 0.05
ln	DSR −0.15 0.03 0.04 <0.01 0.03 <0.01 0.29 0.07
ln	ECe −0.27 0.07* 0.07 <0.01 −0.31 0.07 0.1 0.01
pH 0.04 <0.01 0.06 <0.01 −0.41 0.07 0.42 0.10*
Moisture −0.21 0.03 −0.17 <0.01 0.06 0.07 0.04 <0.01
τN −0.22 0.08* 0.09 <0.01 −0.31 0.1 − −
EV1 −0.35 0.12** 0.13 0.01 −0.21 0.03 −0.3 0.09








α- diversity β- diversity rS τN
Beta Partial η2 Beta Partial η2 Beta Partial η2 Beta Partial η2
CV	Ntotal −0.02 <0.01 0.08 0.01 −0.12 0.01 <0.01 <0.01
CV	DSR −0.09 0.01 0.12 0.02 −0.16 0.04 0.12 0.01
CV	ECe 0.04 0.01 0.35 0.14*** −0.11 0.04 −0.17 0.01
CV	pH 0.03 <0.01 0.30 0.13*** −0.18 0.01 −0.04 <0.01
CV	moisture 0.14 <0.01 0.11 <0.01 −0.38 0.11* 0.19 0.02
τN −0.29 0.10** 0.06 0.01 0.08 0.01 − −
EV1 −0.43 0.20*** 0.24 0.12** −0.26 0.12* −0.16 0.02
r2	(model) .30*** .57*** .53*** .06






Figure	S3c).	 Average	 soil	 characteristics	 were	 not	 related	 to	 τN 
(Tables	1	and	2)	and	τC	(Table	S3a,b).
Mean	 functional	 attribute	 diversity,	 but	 not	MED,	was	 signifi-
cantly	negatively	correlated	with	α-	diversity	(Figure	S3f).	This	means	
that	additional	species	do	not	contribute	proportionally	to	trait	di-
versity	 because	 they	 introduce	 traits	 already	 present	 in	 the	 com-
munity.	MAD	 based	 on	 Ellenberg	 scores	 and	morphological	 traits	
were	positively	correlated	with	rS	 (Figure	2b,c)	and	negatively	with	
τN	 (Figure	2f,g),	 even	after	 accounting	 for	 species	 richness	effects	
and	 the	 geographical	 distribution	 of	 study	 sites	 (Table	3).	 In	 turn,	
τC	was	not	significantly	related	to	environmental	and	trait	diversity	
(Figure	S3g).
In	 a	 pairwise	 approach,	 we	 compared	Mantel	 correlations	 be-
tween	 the	 competitive	 strength	 and	 morphological	 trait	 distance	
matrices,	which	captures	the	relationship	between	competitive	su-
periority	and	niche	overlap	with	rS	(Figure	1c)	and	τN	(Figure	1f).	All	
but	one	pairwise	correlation	 (98.9%)	were	positive,	 indicating	 that	
high	morphological	segregation	was	associated	with	strong	compet-
itive	hierarchies.	Strong	associations	were	also	shown	for	resource	
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We	 further	 compared	 the	 estimated	 competition	 coefficients	
with	 associated	 pairwise	 dissimilarities	 in	 functional	 trait	 and	 en-
vironmental	 niche	 space	 (Figure	3).	 Environmental	 niches	 differed	
most	at	an	intermediate	degree	of	competitive	superiority	(Figure	3,	
Figure	S3h).	High	competitive	 superiority,	but	also	 similar	 compet-
itive	strength,	was,	on	average,	associated	with	 relatively	high	en-
vironmental	 similarity	 (Figure	3a,	 Figure	S3h).	 In	 turn,	 differences	






a	 highly	 significant	 effect	 for	 competitive	 strength	 (F8,8506	=	4.4,	
p	<	.0001,	data	not	shown).
Pairwise	 dissimilarity	 in	 morphological	 and	 reproductive	 trait	
space	 was	 negatively	 correlated	 with	 the	 difference	 in	 competi-
tive	 strength	 (Figure	3c,d,	 Figure	S3h).	 Irrespective	 of	 trait	 type	
(morphology	 and	 reproduction),	 high	 competitive	 superiority	 was	





4.1 | Environmental triggers of competitive 
intransitivity
Our	initial	hypothesis	predicted	that	variability	in	soil	characteristics	














community	 composition	 but	 may	 also	 influence	 the	 competitive	
structure	 of	 these	 communities.	 Filtering	 for	 similar	 traits	 might	
intensify	 competitive	 interactions,	 but	 might	 also	 give	 rise	 to	 in-
transitive	competitive	 loops	that	subsequently	allow	species	coex-
istence.	This	latter	scenario	suggests	that	competitive	intransitivity	
mediated	 by	 environmental	 filtering	might	 increase	 species’	 func-
tional	 equivalence,	 possible	 leading	 to	 comparable	 species	 fitness	
and	 to	 increased	 probability	 of	 species	 coexistence.	 This	 mech-









Beta Partial η2 Beta Partial η2
MADM 0.93 0.27** 0.58 0.11
MED 0.01 0.13 0.20 0.04
α-	diversity 0.29 0.04 −0.03 0.01
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subtropical	forest	communities	in	spite	of	strong	environmental	fil-
tering	(Kusumoto	et	al.,	2016).
We	 found	 the	 predicted	 negative	 correlations	 between	 com-




Soil	 conductivity	 is	 the	major	 determinant	 of	 species	 composition	
and	 richness	 in	 other	 saltmarsh	 plant	 communities	 (e.g.	 Cantero,	
Cisneros,	Zobel,	&	Cantero,	1998).	Because	earlier	theoretical	(Ulrich	
et	al.,	2017)	and	empirical	(Soliveres	et	al.,	2015)	studies	linked	com-





pH	 favours	 communities	 without	 strong	 competitive	 hierarchies	
and	 increased	 local	diversity.	 In	 this	 respect,	 the	SGH	(Bertness	&	
Callaway,	1994)	predicts	an	 increase	 in	mutualistic	and	a	decrease	
in	competitive	interactions	in	severe	environments.	Our	results	in-




Our	 second	 hypothesis	 predicted	 a	 decrease	 in	 competitive	
transitivity	with	decreasing	environmental	 stress.	Again	 this	 rela-
tionship	was	mediated	by	environmentally	determined	community	
composition	 (Figure	1).	Major	 stressors	 in	 saltmarsh	 communities	
were	 high	 salinity	 and	 high	 pH	 that	 induce	 strong	 environmental	
filters	 and	 reduced	 species	 richness	 and	 recruitment	 (Reimold	 &	
Queen,	1974).	We	expected	to	see	these	stressors	affect	commu-
nity	 composition	 in	 a	 way	 that	 favours	 pronounced	 competitive	
hierarchies.	 Indeed,	 we	 found	 a	 strong	 link	 of	 increased	 salinity	
with	 low	 plot	 species	 richness	 (Figure	S3a).	However,	we	 did	 not	
find	evidence	for	a	direct	effect	of	salinity	and	pH	on	the	degree	of	
competitive	transitivity	(Table	1,	Figure	S3d).	Interestingly,	Matias,	






Our	 third	hypothesis	predicted	 increasing	 resource	availability	
to	favour	competitive	intransitivity.	This	was	not	the	case	(Table	1).	
Soil	 organic	 carbon	 and	 soil	 nitrogen	 content	 and	 their	 respec-
tive	 variability	 did	 not	 significantly	 influence	 competitive	 struc-
ture	 (Table	1,	Figure	S3d)	and	 the	potential	 impact	of	competition	
(Table	2).	 In	 this	 respect,	 Soliveres	 et	al.	 (2018)	 reported	 intransi-
tive	 competition	 to	 be	 less	 likely	 under	 fertile	 habitat	 conditions.	
Nonetheless,	nitrogen	and	carbon	were	positively	linked	to	α-	and	
β-	diversity	 (Figure	S3a,b).	 These	 results	 again	 point	 to	 a	 complex	
pathway	of	indirect	effects	of	soil	variables	on	species	interactions	
(Figure	1).
Complex	 relationships	 between	 ecological	 variables	 are	 not	





and	 average	 habitat	 conditions	 (Table	1,	 Figure	S3a,b)	 influenced	
local	species	richness	and	directly	or	indirectly	possible	competitive	
relationships.	 In	addition,	variability	 in	habitat	conditions	 (Table	2)	
might	directly	affect	competitive	structures	or	indirectly	influence	
on	 the	degree	of	spatial	or	 temporal	 species	 turnover.	Finally,	 the	
spatial	 structure	of	 the	study	sites	and,	 therefore,	autocorrelative	
effects	might	mask	 important	 ecological	 relationships.	 To	 unravel	
these	pathways	and	 to	develop	additional	hypotheses	 for	 the	de-























r2 = .22*** r2 = .59***
r2 = .70***
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a	 complex	 path	 analytical	model	 that	 reflected	 the	 pairwise	 rela-











a	significant	positive	 influence	of	 intransitivity	on	 local	 richness.	
However,	we	note	that	more	than	90%	of	our	communities	were	









regarding	 habitat	 variability	 (Table	2)	 and	 demonstrated	 a	 signif-
icant	 positive	 relationship	 between	 variability	 and	 β-	diversity	
(Figure	4).	However,	the	path	model	did	not	point	to	a	direct	influ-
ence	 of	 habitat	 variability	 on	 transitivity.	 Instead,	 environmental	




hierarchy	 in	 combination	with	 local	 filter	 effects	might	 cause	 in-
creased	 species	 turnover	 and	 consequently	 a	 spatial	 segregation	
of	species	as	predicted	by	community	assembly	theory	(Diamond,	
1975).	 Indeed,	 recent	 theoretical	work	also	predicts	 strong	 inter-
specific	 competition	 to	 affect	 the	 spatial	 pattern	 of	 species	 co-	
occurrences,	although	the	specific	way	may	depend	on	landscape	
structure	and	dispersal	ability	(Ulrich	et	al.,	2017).	Specifically,	the	
model	 in	Ulrich	et	al.	 (2017)	pointed	to	an	 increased	degree	of	β-	
diversity	among	communities	 in	case	of	transitive	competitive	hi-




enization	 (reduced	 β-	diversity)	 under	 strong	 competitive	 regimes	
has	 from	 recent	 observations	 on	 dispersive	 Australian	 farmland	
bird	communities	(Robertson,	McAlpine,	House,	&	Maron,	2013).	In	





4.2 | Species functional traits and competitive 
intransitivity
Our	 trait	 hypotheses	 predicted	 a	 negative	 correlation	 between	 the	
competitive	 impact	on	community	 composition	 (estimated	by	 rS)	 and	
niche	overlap.	Saltmarsh	plant	species	sharing	similar	functional	traits	
should	have	similar	competitive	performance.	This	was	indeed	the	case	









A	next	step	 in	 this	 route	of	analysis	 should	be	 to	compare	 the	














4.3 | Performance of the Markov chain approach to 
competitive intransitivity
Our	 method	 to	 estimate	 competitive	 impact	 and	 coefficients	 of	
competitive	 strength	 uses	 observed	 abundance	 distribution	 as	
the	standard	 (Ulrich	et	al.	2014).	This	 raises	the	question	whether	
these	coefficients	reflect	real	species	interactions	or	whether	they	
are	 merely	 transforms	 of	 abundance	 differences.	 Here,	 we	 took	





Riley,	 Tang,	&	Koven,	 2016)	 have	 been	 shown	 to	 determine	 com-
petitive	interactions.	Consequently,	we	expected	to	see	significant	
relationships	 between	 traits	 and	 estimated	 competitive	 strength	
coefficients.	This	was	indeed	the	case	(Table	3,	Figures	1c,f,	2	and	
3).	 Empirical	 species	 traits	 were	 generally	 significantly	 correlated	
to	 the	 associated	 competitive	 coefficients.	 Even	 more,	 the	 ob-
served	 positive	 correlations	 between	 pairwise	 trait	 dissimilarity	







Interestingly,	 the	 two	metrics	designed	 to	quantify	competitive	
transitivity,	 τN and τC,	 partly	 behaved	 differently.	 This	 contrasting	
performance	is	best	seen	by	the	positive	and	negative	correlations	of	
τN and τC,	respectively,	with	α-	and	β-	diversity	(Figure	1,	Figure	S3c)	
although	both	 transitivity	metrics	were	 significantly	 positively	 cor-
related	 (r	=	.44,	p(F1,82)	<	.0001)	 and	 thus	 capture	 a	 similar	pattern.	
Prior	work	on	the	positive	effect	of	competitive	intransitivity	on	spe-
cies	richness	used	the	count	metric	τC	that	provides	the	proportion	
of	 intransitive	 loops	 within	 the	 competitive	 hierarchy.	 Our	 results	
confirmed	that	high	intransitivity	was	associated	with	increased	local	










Competitive	 relationships	 and	whole	 networks	 are	 not	 static.	 They	
are	 context	 dependent	 and	 vary	 with	 environmental	 conditions	
(Chamberlain,	 Bronstein,	 &	 Rudgers,	 2014),	 indicating	 a	 respective	
competitive	 plasticity.	 For	 instance,	 Turcotte	 and	 Levine	 (2016)	 re-
ported	that	plant	species	are	able	to	directly	adjust	their	competitive	
performance	 to	 local	 environmental	 conditions.	Our	 study	was	 not	
targeted	to	reveal	this	plasticity.	However,	the	finding	that	saltmarsh	
competitive	 networks	 clearly	 varied	with	 environmental	 conditions	
despite	 of	 the	 limited	 number	 of	 associated	 species	 strongly	 sug-
gests	local	adaptations	of	competitive	relationships.	Future	work	has	
to	 revel	 the	 species-	specific	variability	 in	 competitive	 performance.	
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